The objects of this study are to present new gas seals, which have several control fins at a groove part of straight labyrinth seal, and to evaluate the dynamic characteristics of the seals experimentally and theoretically. The new seals are expected to reduce the tangential velocity and to control the instability of the rotor system. The experimental test results are presented for eight multiple-pocket grooved gas seals with different number of control fins and stages to put control fins. In the theoretical study, seal chamber is divided into two control volumes. Then, the equations are formulated for each control volumes. The fluid forces acting on the rotor are obtained. For the circumferential velocity, the groove part is divided into three control volumes then the decrease in circumferential velocity by the effect of the control fins is evaluated at each control volume. Then, the circumferential velocity and dynamic fluid force were measured for 8 types of seals which were changed the number of fins and location of the fins in the experiment. In the theoretical analysis the flow equation which suppress the circumferential velocity was taken into account in the conventional labyrinth seal equation and solved numerically. From the above experimental and theoretical investigations, the followings are concluded that control fin installed in the grooves is effective to suppress the circumferential velocity. The effect of the fins is large at the first and second stage from the inlet of a seal. The effect of fins on the stabilization of rotor was large for 8 and 4 fins in the first stage.
Introduction
Labyrinth seal is used as the non-contact type seal between rotor and stator of fluid machines, such as, steam turbines, gas turbines, compressor and so on. To improve the efficiency of these fluid machines, pressure of the working fluid and rotating speed of the rotor tend to become high, in which the clearance of labyrinth seal is designed narrow to prevent the leakage. As a risk of seeking such a high performance machinery, unstable vibration of a rotor occurs and draws an industrial important problem. The labyrinth seal is considered as one of these vibrations. Unstable vibration induced by the labyrinth seal was first pointed out by Alford (1) and after that it has been studied by many investigators. Among them Benckert and Wachter (2) had interest in the dynamic characteristics and they measured the hydraulic spring coefficients by a static method. That is, the rotor was fixed eccentrically toward casing to measure the hydraulic spring coefficients. In their research they tested a seal with multiple internal brakers, which were installed in all of the cavities and showed an increase in cross-coupled stiffness coefficients with increasing number of internal brakers. Iwatsubo investigated the dynamic characteristics by theoretical and experimental method (3) (4) (5) (6) , in which he presented a new analytical method of labyrinth seal by using perturbation method and also experimented by a new type test apparatus, which can measure both stiffness and damping coefficients. Childs and Scharrer developed Iwatsubo's analytical method and they presented two control volume models (7, 8) and also they presented a new test apparatus. Vance and Schultz (9) have presented results for an internal pocket damper seal incorporating sequences of single-cavity labyrinths (incorporating multiple internal brakers) with divergent clearances. But their seal design is quite different from the authors configuration. The objects of this study are to produce new gas seals, which have several control fins in a groove part of a straight labyrinth seal, and to evaluate the dynamic characteristics of the seals experimentally and theoretically. The new seals are expected to reduce the tangential velocity and to control the instability of the rotor system.
In the experimental study, the test results, which are circumferential velocities, fluid forces, and rotordynamic coefficients are presented for eight multiple-pocket grooved gas seals with different number of control fins.
In the theoretical study, seal chamber is divided into two control volumes. Then, the equation of continuity and the law of momentum for without swirl brakers are formulated for each control volumes. Then assuming that the circumferential velocity of the groove part is equal to that of straight type, which is divided into three control volumes then the decrease of circumferential velocity by the effect of the control fins is evaluated by using three control volume at each groove. This effect is considered in the above equations again and the pressure and velocity in the seal are obtained. Applying the perturbation method to these nonlinear differential equations, linear differential equations are obtained. The fluid forces acting on the rotor are obtained by integrating the pressure distributions around and along the rotor surface. The total dynamic seal force is determined by summing up dynamic force in each part.
Nomenclature
A: area of circumferential flow field C c : coefficient of contraction C xx , C xy : damping coefficients e: eccentricity F: flow induced force F j : force obtained from load cell F x , F y : x,y componentsof flow induced force f nn : number of swirl braker in a groove nn: number of fin in axial direction h: height of fin K xx , K yy , K xy , K yx : stiffness coefficients M xx , M yy , M xy , M yx : coefficients of additional mass P: pressure in groove dP: pressure loss ∆ P: pressure difference between inlet and outlet of the seal P tg : seal fin pitch q: flow in axial direction q r : flow in radial direction R: gas constant R s : rotor radius R s1, R s2, R sb : length from the center to the control volume1, 2 
Experiment
The assembly and layout of the test facility are shown in Fig.1 . The working gas is injected into the apparatus through two parts of preswirl passage (5) from (6) to yield various swirl velocities. The gas passes through the seals (2) and (3), and then it flows out from the outlets (7). The gas is stored in the tank by compressor and added to the test rig. The bearing parts, consisting of two ball bearings are used to yield rotating and whirling motions of rotor (1). An inside and an outside sleeve which are eccentric to each other are attached between the two bearings. By rotating the two eccentric sleeves relatively, an arbitrary whirling amplitude can be adjusted in the range of 0~0.2mm. The pulley of both sides (8) are synchronously driven by a motor through timing belts to obtain a whirling motion. The whirling speeds and directions are controlled by an electric motor and an electric inverter. The rotating speed and the direction of the rotor can also be changed by another motor controlled by an electric inverter. The measuring system consists of the measurements of rotating and whirling speeds of the rotor, pressure, preswirl velocity, fluid force, and displacement of the rotor. The fluid forces acting on the stator are measured by a load cell (4) . The flow speeds in the seal are measured by a pilot tube. The signals from the measuring instruments are recorded by a data recorder and analyzed by pc.
(1) (2) (4) (5) (6) (3)
(8) Details of the labyrinth seal is shown in Table 1 and Table 2 show a test cases of the location and number of swirl braked fin, where seal stage means the stage of groove in axial direction and number in column shows the number of fin in each grove. Table 3 shows the experimental condition, where rotating speed of rotor is changed on three cases and whirling speed is changed five cases in each whirling direction, the eccentricity is fixed at 200 µ m because it is known that the change of eccentricity is proportional to the fluid force from the previous experiment. 
Equation of Motion and Analysis
The momentum equations are written for control volume 1 and 2 as
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where ρ is density of gas, δ is seal clearance, and w is circumferential velocity.
From the pressure and flow in axial and circumferential directions, steady flow and non-steady flow behaviors are obtained using a perturbation method. 
Here as the axial flow is equal for all groove, so χ λ (11) and is represented for control volume 2 as where w r means the surface velocity of the rotor and dl 1i and dl 2i are length of wetted perimeter for control volume 1 and 2, respectively. n rs , m rs and χ are constants which are obtained by curve fitting of the static experimental result and v 2i is vortex flow velocity in control volume 2. From the above equations, circumferential velocity of each groove w 1i , w 2i are obtained.
Next the circumferential velocity with swirl braker is obtained as the groove is assumed as parallel groove for control volume 3. Mean velocity of the groove is obtained by using The pressure difference between the inlet and outlet is the pressure loss due to swirl brake fin. By using this loss, the circumferential velocity of the groove can be calculated by using Eqs. (3) and (4).
Results and Discussions

Static Circumferential Velocity
Flow velocity in the labyrinth seal is measured in both axial and circumferential directions. As the circumferential velocity is effective to the dynamic characteristics of the seal, the effect of number of the fin and the location on the circumferential velocity is measured. Figures 4-7 show the seal groove stage vs circumferential velocity for inlet swirl velocity W in =49.0(m/s) and =0.0(m/s). Fin (1,2×2) means, for example, the fin is installed at the 1st and the 2nd stages and number of fin in a stage is 2 and Fin (1×2+13×2) means the 2 fins are installed at the first and the 13th stages. 1/2 w r in the figures show a half of surface velocity of the rotor as a reference value. The experiment is done for changing the number of fin in a groove stage and number of stage, of which detail is shown in Table2. These items are decided by data of the author's research result of labyrinth seal and pump seal (3-6), (9) (10) . Velocity reduction of inlet swirl is well known to reduce instability force, but fluid force which is occurred at the outlet is also large. So the fin is installed at the final stage to reduce the circumferential velocity. Figures 4-7 show the reduction of circumferential velocity for various test cases, in which effect of number of fin in one stage, effect of number of stages, effects of final stage are tested. Figure 4 shows the effect of number of fins at the first stage. It is known from this figure that as the number of fin is increased, the circumferential velocity approaches to 1/2 w r line. Comparing the theoretical result with experimental result, the theoretical result shows smaller value than the experimental one. Figure 5 shows the effect of fins attaching two fins in each stage on the circumferential velocity. It is observed from the figure that the circumferential velocity is reduced by each stage attached the fins. Difference between experimental and theoretical results is larger than the case of Fig.4 . Figure 6 shows the results of the case that 2 and 4 fins are installed in the first and second stages, that is (1,2×2) and (1,2×4), respectively. The circumferential velocity of the case (1,2×4) and the case (1×8) is almost same, as the total number of fin is same. Figure 7 shows the effect of the case that the fins are installed in the outlet of the seal. In this case the circumferential velocity of the outlet area is suddenly dropped in the theory, but there is not so much effect in the experiment. If the experimental data is more reliable than theoretical one, attachment of the fins in the outlet stage is not effective. Summarizing the effect of installed fin on the static circumferential velocity, installation of fins of the case (1,2×4) and the case (1×8) are almost same effect for the suppression of the circumferential velocity. It is expected from the figures that the tangential force Fy becomes small by reducing the circumferential velocity. Comparing the experimental and theoretical results, the theoretical values show smaller than experimental ones. With regard to the radial directional force, the effect of fins is very small and curvatures of the experimental results are smaller than the theoretical one, that is, the additional mass obtained by the experimental results is larger than theoretical one. Figure 8 shows the tangential and radial force for the cases of seal installed 0, 2, 4, 8 fins at the first stage of the grooves. It is known from the figure that the tangential force is reduced by the installation of fins and as the number of fins is increased, the tangential force is decreased, that is, the instability force is decreased. Figure 9 shows the results in the case that the two fins are installed at the 1st-3rd stages of seal groove. It is known from this figure that effect of fin is not so much change, even if the stage of groove is increased. Figure 10 shows the results in the case that 2 and 4 fins are installed in the 1st-2nd stage of the grooves. It is known from this figure that the effect of the case(1,2×4) is similar as the case (1×8). Figure 11 shows the result for the case that the fins are installed at the outlet groove. It is known from the figures that there is not so big effect on the tangential fluid force. In order to investigate the inlet swirl velocity, the result of the fluid force of inlet swirl velocity Win=0 is shown in Fig.12 . It is known from this figure that if swirl velocity is zero, seal characteristics with and without fins is almost same, so there is no effect of fin on the seal force. Figure 13 shows the effect of inlet seal pressure to the seal force, that is, inlet pressures are 0.2 and 0.3 Mpa, rotating speed 3900rpm, inlet swirl velocity 49m/s and 61m/s, 8 seal fin installed at the 1st stage. From this figure as the inlet pressure is increased, both Cxx and Kxy are increased and become unstable. From the above theoretical and experimental results it is summarized that results of the cases(1×8) and (1,2×4) are almost same and the effect of the installation of the fins is best in all cases. Figure 15 shows the force for the case installed 2 or 4 fins at the 1st and 2nd stage. Figure 16 shows the effect of fins installed at the end of seal. It is known from this figure that in the case installed the fins at only first stage, the fluid force of the first stage is decreased, but that of the second stage is increased more than that of the first stage. But in the case installed the fins at the first and second stage, the fluid force of both the 1st and the 2nd stages are decreased and summation of the fluid force of each stage becomes almost same value. When the fins are installed at the end of seal, circumferential velocity decreased very much, but there is almost no effect to the seal force. It is considered from these figures that if the fins are installed more than 4 at the 1st and 2nd stages, the tangential fluid force reduced much more.
Dynamic Fluid Force
Conclusion
The labyrinth seal installed the fins in grooves in order to suppress the circumferential velocity was experimentally and theoretically investigated on static and dynamic characteristics in order to reduce the tangential fluid force. The circumferential velocity and dynamic fluid force were measured for 8 types of seals which were changed the number of fins and location of the fins in the experiment. In the theoretical analysis the flow equation which suppress the circumferential velocity was taken into account in the conventional labyrinth seal equation and solved numerically. From the above experimental and theoretical investigations, the followings are concluded;
(1) Control fin installed in the grooves is effective to suppress the circumferential velocity and as the number of fin is increased, suppression effect becomes large.
(2) If the inlet swirl velocity is zero, the effect of control fin is very small. (3) If the installation location is the first and second stage from the inlet of a seal, the effect of the fins is large.
(4) The effect of fin installed in the outlet side is not effective for suppressing the instability force.
(5) When the fins were installed 8 in the first stage or 4 in the first and the second stages, the effect on the stabilization of rotor was large in present study.
(6) Experimental result and theoretical result are coincided qualitatively, but the theoretical value is always smaller than the experimental one in the tangential force. So the effect of control fins is too much taken into account in the analytical equation.
